Recently, there has been increasing interest in boiling nanofluids and their applications. Among the many articles that have been published, the critical heat flux (CHF) of nanofluids has drawn special attention because of its dramatic enhancement. This article includes recent studies on CHF increasing during the past decade by various researchers for both pool boiling and convective flow boiling applications using nanofluids as the working fluid. It presents a review of nanofluid critical heat flux research with the aim of identifying the reasons for its enhancement and the limitations of nanofluid applications based on various published reports. In addition, further research required to make use of the CHF enhancement caused by nanofluids for practical applications is discussed. Finally, the surface modification method with micro/nanostructures to increase the CHF is introduced and recommended as a useful way.
Introduction
Nanofluids are dilute liquid suspensions of nanoparticles with at least one of their principal dimensions at the nanoscale level. From previous investigations, nanofluids have been found to possess enhanced thermo-physical properties, such as thermal conductivity, thermal diffusivity, viscosity, and convective heat transfer, compared to base fluids, such as oil or water [1] [2] [3] . These particles can be metallic (Cu, Au), metal oxides (Al 2 O 3 , TiO 2 , SiO 2 , ZnO 2 ), carbon (diamond, nanotubes), or other materials. The typical base fluid alone has a low thermal conductivity. Nanoparticles can be dispersed in the base fluid and remain suspended in the fluid to a much greater extent than was previously achieved with microparticles or larger-sized particles. Brownian motion of nanoparticles in the base fluid allows the nanoparticles to maintain their dispersed state and to enhance the thermo-physical properties of the fluid.
There are several review articles concerning nanofluids: some concern their potential benefits for heat transfer applications [4] [5] [6] [7] [8] [9] [10] [11] and some are about their enhanced thermal conductivity [3, 12] .
Keblinski et al. [13] classified research on the thermal transport of nanofluids into three categories, based on the type of heat transfer mode:
• thermal conductivity • convective heat transfer • boiling heat transfer Using a very small volume fraction of nanoparticles significantly enhances the thermal conductivity and convective heat transfer capabilities of the suspensions without encountering problems found in common slurries, such as clogging, erosion, sedimentation, and increasing pressure drop [1, 14] . However, there are still many conflicting results for the boiling heat transfer of nanofluids, with some groups postulating that the heat transfer increases during boiling [15] and others arguing that it does not [16] . This apparent contradiction can be explained as follows. During nanofluid boiling heat transfer, the nanoparticles deposited on the heating surface can increase the active cavities of nucleate boiling, thereby enhancing boiling heat transfer. However, when enough particles are deposited, they can fill up the active cavities and reduce nucleate boiling, thereby degrading the boiling heat transfer.
Boiling heat transfer has a peak heat flux below which a boiling surface can stay in the nucleate boiling regime. This is called the critical heat flux (CHF), and it is the point beyond which there is a transition from a nucleate boiling regime to a film boiling regime under pool boiling. This transition is an undesirable phenomenon, causing an excessive increase in the temperature of the boiling surface. Such an increase in temperature can exceed the melting point of the construction material and lead to a crisis in various thermal systems, such as boilers and fuel in a nuclear reactor. Thus, an enhanced CHF is very important to the safety margin of a thermal system.
You et al. [20] measured the CHF during pool boiling on a flat, square Cu surface immersed in an Al 2 O 3 -water nanofluid and showed an unprecedented three-fold increase in the CHF over that of pure water. It is intriguing that nanoparticles at volume concentrations as low as 3-10% can trigger such a dramatic increase in the CHF. Since these results were reported, several researchers have tried to understand why the CHF increases in nanofluids.
This article offers a critical review of CHF enhancement caused by nanofluids. Therefore, the authors introduce the preparation of nanofluids and the CHF enhancement in pool and flow boiling. Basically, the problems caused by nanofluids in real applications are discussed, and future research directions are proposed. In addition, further research topics to overcome some problems of nanofluids were introduced and some recommendations were suggested.
Pool Boiling CHF Enhancement With Nanofluids
Since the concept of nanofluids was first postulated by Choi [1] , researchers have studied the heat transfer characteristics of engineered nanofluids extensively. Choi stated that the enhanced thermal properties of nanofluids make them attractive for cooling applications. The heat transfer process remains in the boiling regime when using nanofluids for cooling in high heat flux applications. Because nanoparticles increase the thermal conductivity of conventional fluids (Fig. 1) , many researchers expected that nanoparticles would also enhance boiling heat transfer. However, the results presented by Das et al. [16] were somewhat contrary to the expectations. The boiling curves of their nanofluids indicated that the boiling performance of the water deteriorated with the addition of nanoparticles (i.e., the boiling curves were shifted to the right, as shown in Fig. 2 ). The shifts of the curves were proportional to the particle concentration and depended on the tube roughness. The deterioration in heat transfer performance was larger with smoother surfaces.
From the unmatched results with the prediction based on the increase of thermal conductivity, there was a doubt about the applicable possibility of nanofluids. In addition, even though the thermal conductivity increased, there were still some problems such as the increase of viscosity, the decrease of effective specific heat, and the variation of wettability [17] [18] [19] .
Compared to the contradictory nucleate boiling results with nanofluids under pool boiling, more qualitatively consistent observations have been reported on the enhancement of the critical heat flux (CHF) by nanofluids. You et al. [20] studied Al 2 O 3 -water nanofluids at a pressure of 2.89 psia (T sat ¼ 60 C) and tested concentrations of nanoparticles ranging from 0 to 0.05 g/l. The measured pool boiling curves of these nanofluids saturated at 60 C, demonstrating that the nucleate boiling heat transfer coefficients of all concentrations, including pure water, were about the same; however, the CHF of pure water increased dramatically due to the addition of nanoparticles. Adding an extremely small amount of nanoparticles (0.001 g/l) to pure water resulted in a sizable increase in the CHF values from 540 to 670 kW/m 2 (see Fig. 3 ). When the concentration was greater than 0.005 g/l, the CHF increased consistently by about 200% compared with that of pure water. From these results, they concluded that the unusual CHF enhancement found using nanofluids containing alumina nanoparticles at volume concentrations as low as 10
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% could not be explained by any existing CHF model. A continuing increase in the CHF was not observed at concentrations higher than 0.01 g/l, which is significantly less than what is usually used in nanofluids to enhance thermal conductivity. Using this result, they pointed out that the use of nanoparticles to enhance the liquid-to-vapor phase-change heat transfer was not related to the increased thermal conductivity provided by nanofluids. Based on these results, many researchers have attempted to understand why the CHF increases when using nanofluids. Mainstream literature published in this field since 2003 will now be discussed in chronological order.
Vassallo et al. [21] studied the pool boiling heat transfer of solutions with 0.5% silica particles with diameters ranging from 15 to 3000 nm. The pool boiling experiments were carried out using a 0.4-mm-diameter NiCr wire heater at atmospheric pressure. Figure 4 shows a marked increase in the CHF for both nanosolution and microsolution compared with water, but no appreciable differences in the heat transfer for temperatures less than the CHF. Stable film boiling at temperatures close to the wire melting [20] point was achievable with the nanosolutions, but not with the microsolutions. At the end of the tests, a thick silica coating (0.15-0.2 mm) was observed on the wire for nanosolutions, indicating some possible surface interaction with the wire at higher fluxes, but only a thin silica coating (0.025-0.05 mm) was observed on the wire for microsolutions. Based on the observed silica coatings, they suggested a possible surface roughness effect that changed the nucleation site density and improved heat transfer. To test this theory, they measured the CHF of pure water on NiCr wires artificially roughened with emery paper. Indeed, they observed a higher attainable heat flux at a given wire superheat within the nucleate boiling regime, and even a CHF point that was about 30% higher than that of virgin wire. However, the effect of the surface roughness alone did not explain the dramatic heat fluxes attained with the nanosolutions. They indicated that more work was needed to fully understand the mechanisms responsible for the large gains in heat transfer at high heat fluxes.
Dinh et al. [22] conducted a nanofluid boiling experiment on a nanoscopically smooth heater by passing a direct electric current through a 460-nm thin titanium film vapor deposited on 130-lm borosilicate glass substrate. The nanofluid used in the experiment was made of a water-based 37-ppm solution of Al 2 O 3 nanoparticles (38 nm in average diameter). Thermal images of the heater surface during boiling were recorded using a high-speed high-resolution infrared camera. They reported an outstanding enhancement in the CHF and identified an increased nucleation site density based on the thermal images of the heater surface. They discussed their experimental findings in terms of surface superheating and nucleation site density and described how the nanoparticles may have affected the onset of nucleate boiling and increased the critical heat flux. A high concentration of nanoparticles in the coolant favored particle deposition on the heater surface; these particles then served as nucleation sites. A high nucleation site density, associated with small bubbles, decreased the size of the dry spots formed beneath the bubbles and increased the curvature of the liquid meniscus to promote liquid inflow toward the contact line. These factors may have been responsible for the high resistance to burnout observed in their pool boiling experiments. Additionally, they suggested that the superspreading behavior of nanofluids reported by Wasan and Nikolov [23] as well as the effect of capillary wicking due to microcurvature (i.e., surface morphology) could increase the CHF.
Milanova and Kumar [24] observed that the CHF increased more at higher pH levels (up to 12.3) when using SiO 2 -water nanofluids, but there was a relatively little influence on the nucleate boiling regime. Nanoparticle deposition on the heater surface was also observed, but the role of the deposition layer was unclear. They postulated that nanofluids in a strong electrolyte (i.e., with a high ionic concentration) allowed a higher critical heat flux than buffer solutions because of the difference in surface area. The formation and surface structure of the deposition affected the thermal properties of the liquid.
Considerable conjecture and guesswork emerged about the reason behind the observed CHF enhancement for nanofluids. Some researchers reported nanoparticle deposition on the heating surface, but it was not thoroughly investigated. Wen and Ding [25] observed up to a 40% enhancement in the nucleate boiling of alumina-water nanofluids. They did not report CHF results but investigated the heat transfer behavior of nanofluids under nucleate pool boiling conditions. Based on their results, they suggested that the reported controversies about pool boiling heat transfer behavior could be associated with the properties and behavior of both nanofluid and boiling surface, as well as their interactions. Their interest in the boiling surface turned out to be important.
Bang and Chang [26] investigated the boiling heat transfer characteristics of nanofluids using nanosolutions with different volume concentrations of alumina nanoparticles, from 0% to 4%. The size of the nanoparticles had a normal distribution, ranging from 10 to 100 nm, and their average diameter was 47 nm. The experiments were conducted using a smooth horizontal flat surface with a roughness of a few tens of nanometers under atmospheric pressure. The experimental results showed that nanofluids had poor heat transfer performance compared with pure water during natural convection and nucleate boiling (see Fig. 5 ). However, the CHF was enhanced not only in horizontal pool boiling but [26] also in vertical pool boiling. They observed a roughness change on the heater surface and hypothesized that the reason for the changed CHF performance might be due to the nanoparticle surface coating on the heater, but they could not explain the exact reason for this change.
At this point, an important experiment was performed that indicated that the CHF in nanofluids increased not due to the effect of the nanofluids but due to the nanoparticle deposits on the heater surface. Kim and Kim [27] performed pool boiling experiment with TiO 2 -water nanofluids at various concentrations. The CHF enhancement increased with the nanofluid concentration in accordance with previously observed trends. However, they also tested a nanoparticle-coated heater with pure water. The nanoparticle-coated heater was prepared from a preconducted nanofluid boiling test, for which the temperature had remained below the CHF. The CHF performance of the nanoparticle-coated heater with pure water was not less than that of a bare heater with a nanofluid. The CHF data of both experiments are shown in Fig. 6 . From this graph, there is no doubt that the CHF enhancement is dependent not on the nanofluid itself, but solely on the changed heater surface condition, due to the nanoparticle coating. This brilliant experiment made clear the role of nanoparticle deposits on the heating surface, which previously had been just a conjecture [28] [29] [30] [31] .
The CHF enhancement in nanofluids is the result of nanoparticle deposits that form on the heater surface during boiling. An important question since Kim and Kim [27] is which surface parameters influence the CHF enhancement in nanofluids. Kim et al. [32, 33] conducted pool boiling experiments with nanofluids containing alumina, zirconia, and silica. They characterized the nanoparticle-coated surfaces according to the contact angle, which is a measure of wettability (see Fig. 7 ). It is well known that the contact angle decreases with the increasing CHF. Kim et al. [32] reported that a thin layer of deposited nanoparticles changed the surface energy and surface morphology, and that this was closely related to the observed contact angle. Later, other researchers [34] [35] [36] reconfirmed that the wettability effect of nanoparticles on the heater surface influenced the CHF enhancement. They also explained that the CHF was increased by the enhancement of surface wettability using the prediction of Kandlikar [37] , which expressed the effect of surface wettability on the CHF value as follows:
Liu and Liao [34] and Coursey and Kim [35] performed pool boiling experiments with water-based and alcohol-based nanofluids on a plain heated surface. Both studies confirmed, from static contact angle measurements, that the nanoparticle layer formed on the heater surface significantly improved the wettability. They also showed that surface treatments, such as oxidation alone, resulted in a CHF enhancement similar to nanofluids. Finally, they postulated that the CHF increased in nanofluids due to the wettability effect. From these experimental results, the improved wettability of heating surface by nanoparticles was revealed as the main reason that CHF increases. However, the mechanism of CHF enhancement was not investigated by the improved wettability, and the reason that the CHF in nanofluids increased more than the prediction of Kandlikar [37] with wettability effect was not revealed. Kim et al. [30, 38] suggested that the CHF enhancement of nanofluids was due to a change in the surface microstructure and topography of the heater due to the nanoparticle surface coating formed during pool boiling. They based this on the experimental results with nanoparticle-coated heaters in pure water and scanning electron microscopy (SEM) image analysis. Figure 8 shows SEM images of a nanoparticle-coated surface. They proposed a quantitative characterization of three surface characteristics that could reveal the CHF enhancement mechanism: roughness, contact angle, and capillary wicking. Kim et al. [30] characterized the heated surface and demonstrated the dominant contribution of surface wettability and capillary wicking but found that the surface roughness was unimportant. They noticed fast and wide liquid spreading on nanoparticle-coated wire surfaces. Capillary wicking was measured by the water rising length on vertically erected wires in a water reservoir. Kim and Kim [38] examined the effect of the surface wettability and capillarity of the nanoparticlecoated layer on the CHF. They focused on the capillary wicking on a porous surface caused by the enhanced wettability from the nanoparticle coating. Figure 9 (a) shows that the effective liquid supply delayed the irreversible growth of dry patches. Figure 9(b) shows that the CHF enhancement could not be explained by the contact angle alone (i.e., a wettability effect). Kim and Kim explained the CHF difference in Figs. 9(a) and 9(b) based on the attainable heat flux gain due to the capillary wicking liquid supply. After accounting for the capillary wicking effect, the remaining data, which could not be explained by the wettability, became clearer. Consequently, both wettability and capillary wicking are important parameters that contribute to the CHF increase for nanoparticle-coated surfaces. Kim et al. [39] reported the CHF enhancement mechanism on nanoparticle-deposited surfaces. Based on Kandlikar's CHF model with wettability effects [37] , they determined that the recoil force of the liquid evaporation near the liquid-solid-vapor triple line was affected by the surface wettability and that the CHF increased due to the force balance. They conducted a simple experiment to verify the relationship between the surface temperature and the recoil force of liquid evaporation. This was a small droplet dynamic wetting test on a hot surface; both bare and nanoparticle-deposited surfaces were examined. The CHF enhancement mechanism was revealed by the relationship between the surface temperature and the recoil force of liquid evaporation. Through high-speed visualization of a small droplet dynamic wetting test on a hot surface (Fig. 10) , they postulated that the nanoparticle layer increased the stability of the evaporating microlayer underneath a growing bubble on a heated surface, and thus the irreversible growth of hot spots was inhibited, resulting in CHF enhancement when boiling nanofluids. From these experimental results, the capillary wicking of heating surface by nanoparticles was revealed as another reason that CHF increase, besides of wettability. It could be also explained as the heat flux gain on the nanoparticles deposited heater by the capillary wicking of liquid, which could not be explained only by the wettability effect.
The wettability and capillarity of a nanoparticle-deposited surface have been revealed as the main parameters that increase the CHF in pool boiling from previous researches. However, other investigations have also been conducted to explain the CHF enhancement in nanofluids using other approaches. The results showed that the surface wettability and capillarity were not the only main parameters to influence CHF directly.
First, Arik and Bar [40] and Arik et al. [41] postulated that the surface properties of the heater were related to the thermal effusivity
which can strongly influence the CHF. The higher the thermal effusivity, the more effectively conduction can dissipate through the hot/dry spots. A highly effusive layer on the heater surface delays the CHF. Kim et al. [39] , Raykar and Singh [42] , and Kim et al. [33] also used the concept of enhanced thermal effusivity on the nanoparticle-deposited heater surface to explain the CHF enhancement in nanofluid boiling. Even though it is clear that the nanoparticles on the heating surface affect the CHF enhancement, they suggested the thermal effusivity as the parameter of CHF enhancement, not the wettability and the capillarity. Second, Sefiane [43] reported a basic experiment that was used to propose a different approach toward understanding the CHF of pure water versus contact angle on a nanoparticle-deposited surface [38] .
mechanism, through which the presence of nanoparticles affects the heat transfer during nanofluid boiling. Pure ethanol and ethanol with aluminum nanoparticles evaporating on a hot polytetrafluoroethylene surface were investigated. The results indicated that the nanoparticles promoted pinning of the contact line of the meniscus and the evaporating drops. Structural disjoining pressure, stemming from the ordered layering of nanoparticles in the confined wedge of the evaporation meniscus, was thought to be the principal mechanism behind the observed pinning behavior. Sefiane [43] suggested that analysis of boiling nanofluid heat transfer should account for the important effects of nanoparticles on the contact line region through the structural disjoining pressure and provide accurate interpretation of the results. Wen [44] postulated a mechanism for CHF enhancement in nanofluids using the disjoining pressure. He reviewed experiments and possible mechanisms of enhancing the CHF using thermal nanofluids and identified the important role of the structural disjoining pressure at the meniscus of dry patches. He then explained that the structural disjoining pressure due to the nanoparticles increased the wettability and inhibited dry patch development. Eventually, the structural disjoining pressure was also induced by the nanoparticledeposited heater surface, which influenced the enhanced wettability and increased the CHF. Third, Park et al. [45] performed pool boiling CHF experiments with nanofluids made from graphene and graphene-oxide nanosheets. The CHF increased significantly by 150-250% compared with pure water. They checked the wettability, capillarity, and effusivity of the heater surface; however, there was no change that could explain the increased CHF. They focused on hydrodynamic instability theory (or the hydrodynamic liquid-chocking limit) [46] to interpret the CHF enhancement. By measuring the Rayleigh-Taylor instability wavelength of the heater, they postulated that the graphene and graphene-oxide nanosheets on the heater surface modulated the shorter instability wavelengths, which dramatically increased the CHF (Fig. 11) [47] . These results suggest the possibility of CHF enhancement up to maximum 500%. As the theoretical approaches of CHF enhancement on the artificial porous media of Liter and Kaviany [47] , the CHF was increased by the modulated hydrodynamic instability wavelength. Results of Park et al. represented that the wavelength on the heating surface could be controlled using the nanofluids on the pool boiling. It means that the further research about wavelength controlling by nanoparticles should be examined.
Several previous works have shown that the surface effect by the nanoparticles deposition on the heating surface is a critical reason for CHF increase. The suggested parameters were the wettability, the capillarity, the thermal effusivity of heating surface, the RT wavelength, and structural disjoining pressure due to the nanoparticles, which are related with one another (The wettability influences the capillarity and the Rayleigh-Taylor wavelength. The structural disjoining pressure influences the wettability. The structure [45] 024001-6 / Vol. 134, FEBRUARY 2012 Transactions of the ASME by the nanoparticles also influences the capillarity and the disjoining pressure.) The relationships between these parameters with each other should be examined carefully by a parametric study, in order to understand CHF enhancement due to nanoparticles more clearly.
Flow Boiling CHF Enhancement With Nanofluids
Research in convective flow boiling of nanofluids has become more popular in the past three years, perhaps due to the recent demand for high heat flux cooling of electronic components and nuclear reactor applications. Lee and Mudawar [48] conducted the first study to estimate flow boiling CHF of nanofluids. They used alumina nanoparticles in a water-based fluid for a microchannel cooling system. They found an enhanced heat transfer coefficient for single-phase laminar flow; however, in the two-phase regime, the nanofluids caused surface deposition in the microchannel, and large clusters of agglomerated nanoparticles were formed. This clogging problem is a serious issue if nanofluids are to be incorporated in microchannel cooling systems, where any temperature excursions can result in temperature hot spots and possible thermal failure of the device.
Kim et al. [49, 50] conducted internal flow boiling CHF experiments with a 1/4 in. SUS tube, 100 mm in length, and a 3/8 in. SUS tube, 240 mm in length, using dilute alumina, zinc oxide, and diamond water-based nanofluids. They varied the concentration of the nanofluids from 0.001 vol. % to 0.1 vol. %, and the mass flux from 1000 kg/m 2 Ás to 2500 kg/m 2 Ás. They used a direct heating method to apply heat to the tube. The nanofluids exhibited a significant CHF enhancement with respect to pure water at high mass fluxes (2000-2500 kg/m 2 Ás), but there was no enhancement at a lower mass flux (1500 kg/m 2 Ás). They suggested that some nanoparticles were deposited on the boiling surface during the experiments. Such particle deposition increased the wettability of the boiling surface. Meanwhile, Ahn et al. [51] conducted convective flow boiling CHF experiments on a copper heater with a 10-mm diameter using 0.01-vol. % alumina-water nanofluids. They also changed the flow velocity from 0 m/s (pool boiling) to 4 m/s (Fig. 12) . They determined that nano/microstructures were formed on the surface during the nanofluid flow boiling, significantly changing the surface morphology. However, the roughness change alone was not enough to explain the observed CHF enhancement. The change in the surface wettability due to nanoparticle deposition was identified as a key parameter. The normalized CHF enhancement data (CHF nanofluids /CHF purewater at a given flow velocity) and static contact angles (enhanced wettability due to nanoparticle deposition) independently were in good agreement with the pool boiling CHF model of Kandlikar [37] (Eq. (1) ). Additionally, ad hoc tests were performed to assess the effect of nanoparticle deposition on the heater surface. The CHF of the nanoparticle-coated heater at a given flow velocity in pure water increased more than that of a bare heater in pure water (see Fig. 12 ). Kim et al. [52] reported nanoparticle deposition on the heater surface after nanofluid flow boiling and considered this to be the main cause behind the observed CHF enhancement. They found CHF enhancement of up to 70%, with a nanoparticle content of less than 0.01% by volume of alumina in water. This again shows that only a small nanoparticle concentration is required to obtain dramatic CHF enhancements during nanofluid flow boiling. Finally, Ahn et al. [53] conducted CHF visualization of pure water flow boiling on a nanoparticle-coated heater to interpret the effect of the nanoparticles on CHF enhancement. They postulated that the enhanced surface wettability of the nanoparticle-coated heater influenced the flow boiling regime entirely, and delayed the CHF, based on classical models. Additionally, Khanikar et al. [54] performed flow boiling experiments in a carbon nanotube (CNT)-coated copper microchannel. They used just water as the working fluid. Appreciable differences in the influence of the CNT coating were observed at high rather than low mass velocities. The CHF was repeatable at low mass velocities, but degraded following repeated tests at high mass velocities, demonstrating that high flow velocities caused appreciable changes in the morphology of the CNT-coated surface. While the CHF was enhanced by the increased heat transfer area associated with the CNT coating, the enhancement decreased following repeated tests because the CNT fin effect was compromised by the bending. This result also supported the relationship between flow boiling CHF enhancement and the nanoparticle-deposited surface.
Flow boiling CHF enhancement in nanofluids is strongly related to the surface wettability, which is similar to pool boiling CHF enhancement. Further experimental data need to be collected on the flow boiling of nanofluids to obtain a more substantial database and a better understanding of nanofluid flow boiling mechanisms. In contrast with pool boiling, the flow boiling CHF in nanofluids is still being investigated and strongly needed.
Nanofluids Application
Nanofluid boiling results in a build-up of a porous layer of nanoparticles on the heater surface. This layer has been shown to significantly improve the surface wettability and the capillarity. It is hypothesized that this surface wettability improvement may be responsible for the CHF enhancement observed by almost all researchers so far. From reports of pool and flow boiling CHF in nanofluids with very small amounts of nanoparticles in the literature, the wettability of a nanoparticle-deposited heater surface increases the CHF for both boiling conditions. This creates possibilities for real applications of nanofluids, such as using them in the cooling fluids of nuclear reactors.
Recently, Bang and Heo [55] suggested the first protocol for applying nanofluids to real-life problems. They used axiomatic design theory to systemize the design of nanofluids to bring their practical use forward. At a parametric level, the design of a nanofluid system is inherently coupled due to the characteristics of a thermal-fluid system; design parameters physically affect each other and share sublevel parameters for the nanoparticles, creating a feedback loop. Their approach allows nanofluids to be designed for a specific purpose. Buongiorno et al. [56] explored the potential use of nanofluids to enhance the in-vessel retention capabilities of advanced light-water reactors. Their nanofluid system enabled a 40% decay heat removal enhancement for a given CHF margin and was physically and functionally separated from the primary system and other safety systems (i.e., the emergency core cooling system or ECCS). This facilitated its inspection and maintenance and also eliminated any undesirable interference with the reactor operation. To apply nanofluids to real applications, the systemic design method was suggested as a means of designing nanofluids well matched with the needs of the specific target application. Fig. 12 Comparison of CHF values for pure water and nanofluid on a clean surface, and pure water on a nanoparticlecoated surface [51] Despite the observed CHF enhancement and the proposed design methods for real applications, nanofluids still have some problems. First, the nanoparticle layer is also considered by some researchers to be responsible for the deterioration observed in the boiling heat transfer coefficient. Nanoparticle deposits create a resistance in the heat transfer from the heater surface to the fluid, caused by a decrease in the contact angle, and reduce the nucleation site density. Kwark et al. [57] postulated that the observed decrease in the boiling heat transfer coefficient with increased nanoparticle concentration could be attributed to the corresponding thicker coating that was formed, which offered increased thermal resistance. The CHF is affected by the increased wettability provided by nanoparticles deposited on the heater surface and not by the thickness of the nanoparticle coating. Kwark et al. concluded that there was an optimal nanofluid concentration for which the CHF enhancement is at a maximum without any degradation of the boiling heat transfer coefficient. They also investigated possible mechanisms behind the deposition and adhesion of nanoparticles to the heater surface during nanofluid boiling. By controlling the heat flux and boiling time, they identified the optimal thickness of the nanoparticle layer that would increase the CHF and not decrease the boiling heat transfer coefficient. This result makes it possible to overcome the heat transfer deterioration problem caused by nanofluid boiling. Second, as previously described, nanoparticles can cause clogging problems for pumps, pipes, and other components of thermal cooling systems due to agglomeration. This problem also can be described in terms of the stability of nanofluids and whether the nanoparticles in the base fluid maintain a well-dispersed state or not. Formulating stable nanoparticles in liquid suspensions (nanofluids) is difficult, as is controlling their properties, such as thermal conductivity, viscosity, and wettability, for heat transfer applications. There are some concerns over the dispersion stability of nanofluids. Factors such as time, temperature, concentration, particle type, dispersion medium, and pH all play important roles in the dispersion stability, and poor nanoparticle dispersion in the base fluid possibly results in poor heat transfer enhancement. The preparation of nanofluids is very important in ensuring the desired performance. Lee and Mudawar [48] reported clogging problems with nanoparticles in microchannels, as previously described. Recently, however, Khanikar et al. [54] performed flow boiling experiments in a CNT-coated copper microchannel. Instead of using nanofluids, they used water as the working fluid and the nanoparticles (CNT) were coated on the surface of microchannel. They obtained good results in terms of enhanced CHF and boiling heat transfer coefficient, but the CHF values were not experimentally repeatable.
Third, the process used to coat nanoparticles on a heated surface still leads to some particles detaching from the heater. Ahn et al. [51] reported that the CHF of a nanoparticle-coated specimen at a given flow velocity in pure water increased more than that of a bare specimen in pure water; however, this increase was less than what was observed in nanofluids (Fig. 12 ). This was due to nanoparticle detachment, as determined by SEM, along with roughness and static contact angle data. Thus, nanoparticle detachment during flow boiling with water could lower the CHF below that obtained with nanofluids.
Fourth, the increased viscosity of nanofluids compared with the pure fluid leads to lack of pumping power under flow boiling application. As previously mentioned, the aggregation of nanoparticles would increase the viscosity of nanofluids [17] [18] [19] . Even though the surfactant added into the nanofluids makes the nanofluids stable, prevents the aggregation, and reduces the increased viscosity [18] , the clear mechanism was not revealed.
The problems mentioned above still occur in nanofluids, even fluids that exhibit a strong effective enhancement of the CHF. Thus, several researchers are working to overcome these difficulties. To overcome these difficulties, surface modification with micro/nanostructures were widely suggested and researched.
Surface Modification With Micro/Nanostructures
Suspended nanoparticles in a nanofluid enhance its thermal conductivity, which has led to much interest in nanofluids as engineered fluids. Moreover, findings that even a small amount of nanoparticles can noticeably increase the CHF have emphasized the importance of nanofluids. However, there are still several problems using the fluids, such as the decrease in heat transfer and instability of the fluids. The mechanism behind how the nanoparticles affect the heating surface characteristics and enhance the CHF is well known, along with the fact that the boiling heat transfer performance can be characterized by the surface condition. Thus, development of a permanent heating surface for ideal conditions is conceptually reasonable.
Several studies have examined surface modifications as a means of enhancing the CHF and boiling heat transfer; these are summarized in Table 1 [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . Recently, the developments of nano/microstructure manufacturing techniques have made trials for enhancing the boiling heat transfer performance possible. There are many techniques that can be utilized to make nano/microscaled structures, including nanocoating, anodic oxidation, and MEMS fabrication. The wettability and capillarity of the heater surface are important parameters affecting CHF enhancement. Many methods for making heater surfaces hydrophilic and hydrophobic have been developed by microfluidics research groups.
Some research groups studying boiling heat transfer have tried using applied nano/microstructures on the heater surface. Vemuri and Kim [73] used a nanoporous surface consisting of a 70-lmthick layer made from aluminum oxide. They demonstrated a reduction of about 30% in the incipient superheat for a given applied power for a nanoporous surface compared with a plain surface. SEM photographs of the nanoporous coating were taken to determine the size of the pores ( Fig. 13(a) ). Ahn et al. [74] fabricated multiwall carbon nanotubes on silicon substrates with 9-and 25-lm-tall CNT forests ( Fig. 13(b) ). The heat transfer in pool boiling was augmented to the same degree in both cases compared with a plain silicon surface. However, the taller sample resulted in a 28% improvement in the CHF compared with a plain silicon surface, but the smaller sample had only a 25% improvement. The taller nanotubes provided better pathways for liquid flow to the nucleation sites. They also provided a mechanistic description for the enhancement in terms of the pinned contact line on the CNT surfaces and a reduction in the critical Rayleigh-Taylor instability wavelength. Launay et al. [75] conducted boiling heat transfer experiments on hybrid nano/microstructured thermal interfaces. The silicon substrate was modified by etching during fabrication, and coated with CNTs, as shown in the nano/microhybrid surface in Fig. 13(c) . Experimental results indicated that use of the CNTenabled purely nanostructured interfaces improved the boiling heat transfer only at very low superheats compared with the bare surface. However, the CHF value was highest on the surface only with microstructures. Figure 13(d) shows the vertically aligned Si nanowires, 20-300 nm in diameter and 40-50 lm in length, used by Chen et al. [76] for boiling heat transfer experiments. They observed increases of more than 100% in the CHF and heat transfer coefficients. A 3D porous structure of metallic material was also demonstrated. Li et al. [77] developed porous structures ( Fig.  14(a) ) that enhanced the boiling performance by providing an increased surface area and an increased number of active nucleation sites for boiling. Liter and Kaviany [47] designed wicked porous structures (Fig. 14(b) ) with Cu particles to increase the CHF. They postulated that the capillary ability of porous structures with nanoparticles increased the CHF nearly three times versus a plain surface. The modulation of 3D structures separated the liquid and vapor phases, thus reducing the liquid-vapor counterflow resistance adjacent to the surface. They proposed using a modulated wavelength induced by the surface structures to increase the CHF, based on the theory of Zuber [46] . Thus, these studies focused on the structural effects of nanoscaled and microscaled surfaces on the enhanced boiling heat transfer and CHF. [73] , (b) [74] , (c) [75] , and (d) [76] .
There were many efforts to increase the CHF and the boiling heat transfer coefficient under pool boiling through the surface modification using the MEMS technique. However, there are no parametric studies to investigate and find the optimal condition of heater surface based on the consistent parameters which strongly affected the CHF and the boiling heat transfer. Recently, Kim et al. [78] focused on the results of the dramatic CHF enhancement in nanofluids and designed an artificial surface with surface modifications using a nanoparticle-coated heater surface and a MEMS technique on a silicon surface. Based on a literature review, they identified three parameters that would increase the CHF: the structure, wettability, and capillarity properties of the surface. They prepared four surfaces: plain (F), microstructured (M), nanostructured (N), and micro/nanohybrid structured (NM) (Fig. 15) . Their CHF values were 1121 kW/m 2 for the F surface, 1652 kW/m 2 for the M surface, 2003 kW/m 2 for the N surface, and 2326 kW/m 2 for the NM surface. They described the reason for the CHF enhancement of each surface: structural effects on the microstructured surface, and wettability and liquid spreading (capillarity) effects on the nanostructured and micro/nanostructured surfaces. Additionally, Ahn et al. [79] made surface modifications on a metallic zirconium alloy heater using an anodic oxidation method, in order to apply the nuclear power plant as the nuclear fuel cladding which has the capability of increasing CHF. They controlled the time of the anodic oxidation and found they could control the surface wettability. They obtained the micro-, nano-, and micro/nanostructured surfaces shown in Fig. 16 . They postulated that the spreading (capillarity) effect below a contact angle of 10 deg influenced the CHF enhancement more than predicted by Kandlikar [37] . They had a maximum CHF enhancement of 100% on the micro/nanostructured surface. In addition, the boiling heat transfer coefficients did not changed as compared with the bare surface. The quantitative analysis of Ahn et al. [80] of the CHF enhancement effect of liquid spreading on the nano/ microstructured surfaces was nearly the same as the nanofluid results of Kim and Kim [38] and the results of Kim et al. [78] .
From MEMS technique to anodic oxidation, the surface modification for the enhanced boiling has been conducted; however, there are only a few results for the surface modification. To understand the enhanced boiling heat transfer and CHF on a modified surface, a well-designed experiment and a brilliant approach are needed to clearly reveal the mechanism of enhanced boiling and CHF.
Conclusion and Recommendations
Since Choi first described the concept of nanofluids [1] , many studies have been performed to investigate the possibility of using nanofluids in practical applications. Nanofluids increase the CHF significantly, even when the nanofluids contain a very small amount of nanoparticles. This enhancement is caused by the surface morphology, surface wettability, and capillarity of the heater surface, which are changed by nanoparticle deposition during boiling. CHF enhancement in nanofluids has been confirmed not only for pool boiling but also for flow boiling. These essential CHF enhancement results have made nanofluids attractive for applications such as electric cooling systems and nuclear power plants. However, there remain some problems that must be solved, such as the deterioration of the boiling heat transfer, clogging issues due to the agglomeration of nanoparticles, and the robustness of the deposited nanoparticle layer on the heater surface. We authors recommend future research in using nanofluids as engineered fluids for two-phase heat transfer as follows:
(1) We need to understand the nanoparticle coating process on the heater surface and the characteristics of the nanoparticle layer to optimize the coating process for boiling heat transfer applications. (2) We need nanofluids that maintain their stability over increased operating times. (3) A nanoparticle-coated surface has many merits that increase the CHF, but the robustness of these surfaces is weak. (4) There is no clear understanding of the deterioration and the enhancement of boiling heat transfer for various nanofluids. Additionally, we have recommended and described further research for increasing the CHF in this article. Modified artificial surfaces have been created to overcome some of the problems of nanofluids. These are based on the main parameters (structural, wettability, and capillarity effects) that increase the CHF in nanofluids. An optimized boiling surface has been the goal of many researchers when developing nano/microstructure manufacturing techniques. Surface modifications are also attractive from the point of view of applications. However, there are still some questions regarding the nano/microstructures on the heater surface. We recommend future research in surface modifications to improve two-phase heat transfer as follows:
(1) There is no clear understanding of the enhanced boiling heat transfer and CHF of different nano/microscaled structures. (2) An optimal surface should be determined, based on a welldesigned and predicable process. Such a surface could dramatically increase both the CHF and the boiling heat transfer. (3) A new method for surface modifications must be developed to apply nanofluids to practical applications. Thus, we need to develop a designable surface modification method to realize intentionally an optimal heater surface. The MEMS technique is not suited to mass production. [80] are structural, wettability, and capillarity effects. To increase the CHF further, the Rayleigh-Taylor wavelength on the heater surface should be modulated to the hydrodynamic-chocking limit [47] . 
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